Dissipative particle dynamics simulations of several bead-spring representations of polymer chains in dilute solution are used to demonstrate the correct static scaling laws for the radius of gyration. Shear flow results for the wormlike chain simulating single DNA molecules compare well with average extensions from experiments, irrespective of the number of beads. However, coarse graining with more than a few beads degrades the agreement of the autocorrelation of the extension. DOI: 10.1103/PhysRevLett.95.076001 PACS numbers: 83.10.Pp, 83.10.Rs, 83.50.Ax, 83.80.Rs Modeling realistic polymer motion in the microscopic or mesoscopic level in equilibrium and simple flow configurations has been a continuous challenge in terms of (a) the choice of appropriate polymeric interactions and (b) the simulation method itself. Brownian dynamics (BD) simulations [1] have shown a good comparison [2] with experiments on DNA molecules in shear flow [3] . Molecular dynamics (MD) has been used for comparison with wormlike chain (WLC) [4] and slip length measurements for sheared films [5] but the number of beads and the time scale interval is much shorter than the times for gathering experimental data (of the order of seconds [3] ). Here we employ dissipative particle dynamics [(DPD), described below] to investigate the static scaling law for several model chains and the response of the WLC under shear. This mesoscopic method has already been used to model macromolecules in a variety of equilibrium and nonequilibrium configurations [6 -10].
Modeling realistic polymer motion in the microscopic or mesoscopic level in equilibrium and simple flow configurations has been a continuous challenge in terms of (a) the choice of appropriate polymeric interactions and (b) the simulation method itself. Brownian dynamics (BD) simulations [1] have shown a good comparison [2] with experiments on DNA molecules in shear flow [3] . Molecular dynamics (MD) has been used for comparison with wormlike chain (WLC) [4] and slip length measurements for sheared films [5] but the number of beads and the time scale interval is much shorter than the times for gathering experimental data (of the order of seconds [3] ). Here we employ dissipative particle dynamics [(DPD), described below] to investigate the static scaling law for several model chains and the response of the WLC under shear. This mesoscopic method has already been used to model macromolecules in a variety of equilibrium and nonequilibrium configurations [6 -10] .
In the motion of ideal chains, the bonds-characterized by linear elastic forces-are not restricted from passing through each other, crossings known as phantom collisions. For real chains in good solvents these unphysical collisions are eliminated by the constraint of self-avoiding walks on preset lattice paths. This dramatically affects their scaling properties. Our treatment of chains places no explicit constraints on the interaction between chain segments. Since it is usually assumed that in physical systems self-avoidance is a consequence of excluded volume and restricted bond rotation, we attempt to exclude phantom collisions by appropriate choices of intrapolymer interactions. Our chain potentials contain no angle dependence and therefore only the excluded volume is available for the task of selfavoidance. Since the detection of phantom collisions is computationally complex, their frequency is measured indirectly by checking the scaling exponents of the radius of gyration, R g , with respect to chain size. For a chain of M beads it is defined by hR g 2 i h . The static exponent is 0.5 for ideal chains (in any space dimension d [11] ), and for real chains is 3 d2 0:6 (Flory's formula), which has been verified by light scattering experiments [11] . Previous DPD simulations involved linear chains [6, 7] and manipulation of solvent characteristics [8] to obtain the 0.6 exponent without appropriate interbead forces.
In 1992 Hoogerbrugge and Koelman [12] introduced the DPD method, which combines some of the detailed description of the MD with the ability to describe larger time and length scales. The DPD method describes blocks of molecules moving together in a coherent fashion subject to soft potentials and governed by predefined collision rules. Hence, this method is very attractive for the computer simulation of polymer solutions, since by employing the bead-spring model of polymer chains we can formulate and compare a variety of realistic conservative interbead forces. In contrast to Langevin-equation methods, such as BD, the hydrodynamic resistance is accounted for implicitly by the DPD solvent particles which behave as a Newtonian fluid [13] .
As a particle-based mesoscopic method, DPD considers N particles, each having mass m i , whose momenta and position vectors are governed by Newton's equations of motion. 
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0031-9007=05=95 (7)=076001 (4) 2 ; 0g. The above relation is necessary for thermodynamic equilibrium. The dissipative forces represent friction between the particles and account for energy loss, while the random ones compensate for lost degrees of freedom due to coarse graining and heat up the system. The conservative forces present in the DPD equations can be tailored to describe a variety of interactions F c r ij rVr ij , for a potential V. In this work, polymers are chains of beads (DPD particles) subject to the standard DPD forces: soft repulsive (conservative), dissipative, and random. In addition, they are subject to intrapolymer forces arising from different combinations of the following types:
Lennard-Jones.-The force for each pair of bead particles is given by the shifted (to avoid numerical instabili-
4 truncated to act only for pairs with r ij < r c . We pick k B T, L 2 ÿ1=6 , and r c L 2 ÿ1=6 1. We note that the LJ potential used here is defined at the mesoscopic level to improve polymeric self-avoidance -softer repulsion rules [15] are an alternative.
Hookean and Fraenkel. -The interbead force is derived from a pairwise potential with equilibrium length r eq . Since the force is proportional to jr i ÿ r iÿ1 j ÿ r eq , it is attractive or repulsive depending if jr i ÿ r iÿ1 j> or <r eq . As r eq ! 0 we recover the Hookean spring.
FENE. -The finitely extensible nonlinear elastic (FENE) spring has a maximum bond extension r max beyond which the force becomes infinite, and hence any length greater than r max is not allowed. . For chains with more than 2 beads, p was adjusted using the analysis and results presented in [17] .
In the above, is the spring constant, i 2; . . . ; M, and the interbead force in each case is F p ÿrU. Single chains immersed in ''an ocean'' of DPD particles constitutes a mesoscopic model of a dilute polymer solution. Hence, the dynamics of a single flexible polymer chain is of great importance for validation and physical understanding of the method. Our work introduces combinations of forces aiming to illustrate excluded volume effects and phantom collision minimization (well documented with other methods), not through immiscibility of the solvent but through different bead-spring representations. Figure 1 summarizes results for different spring laws with and without bead-bead repulsions. The corresponding static exponent values () of the radius of gyration are computed for each case, using 5-, 10-, 20-, 50-, and 100-bead chains. The LJ repulsion seems to be mostly responsible for capturing self-avoidance while the underlying spring force (Hookean or FENE) appears to have a secondary effect on the scaling exponent, when coupled with hard repulsions. However, FENE forces alone scale close to the Flory exponent, rendering the model realistic without any additional repulsions. The FENE parameter r max was also varied, with the values 2r c and 3r c giving very similar scaling laws (Fig. 1) . The parameters for the WLC were consistent with the rest of the models [18] .
DNA molecules under steady shear have been extensively studied in experimental [3] and computational [2, 15] works. Using DPD we investigated the dynamics of a single WLC. The moving boundaries at y 0, y L y are modeled using Lees-Edwards boundary conditions [19] : particles leaving the domain at y 0, L y are advanced or retarded by an increment of r U x t, ÿU x t, respectively, in the x direction, where t is the time elapsed from an appropriate origin of times and U x denotes twice the shear velocity of each boundary. Moreover, the velocity of the particle is increased or decreased by U x , ÿU x , accounting for both the imposed boundary condition and the velocity discontinuity between the two walls. 
Mÿ1
. The calculated mean-square extension of an initially 30%-extended chain was fitted with hx 2 i hx 2 i 0 x i 2 e ÿt= to obtain the chain relaxation time , and hence the Weissenberg number We _ , for a shear rate _ . Figure 2 shows the calculated average molecular (maximum projected) extension and the experimental data [3] versus We, with varying bead numbers and corresponding relaxation times. The asymptotic value for 20 beads (0:51) is in agreement with the corresponding one (0.47) from BD calculations [2] . Remarkably, the results for the average extension are not so sensitive to coarse graining, i.e., the number of beads used for constant L, in the tested range. The self-consistency of the parameters was verified from the equilibrium mean-square end-to-end distance of a 2-bead dumbbell, computed as hS 2 i 8:56, in close agreement with the theoretical value of 8.92 given by [20] hS
presented in this work employ the widely used velocityVerlet scheme for time integration, in Fig. 2 we have also included results for 2 beads using Lowe's method [21] , a different DPD approach coupling MD with an Andersen thermostat. Figure 3 compares the calculated [22] normalized autocorrelation function hxtxt Ti, xt xt ÿ hxti for 2-, 5-, and 20-bead chains, with experimental data [3] . It demonstrates the sensitivity of the autocorrelation to coarse graining of the M-S forceextension formula. Significant degradation in the agreement with experiments appears for more than 5 beads. This shows the limits of the coarse graining of a mesoscopic relation such as M-S. The M-S formula gives the average end force of a chain consisting of a large number of microelements (bead rods freely rotating at fixed bond angles).
The coarse grained counterparts of the M-S chains rotate about their beads with any bond angle. We have compensated for this freedom by altering p in the M-S formula for the subchains in the spirit of [17] . Clearly, a 2-bead dumbbell cannot describe the instantaneous configurations of DNA observed by [3] . If their capture is the objective of simulation, then the model needs to consist of a large number of microelements such as the 220 freely rotating, bead-rod chains of [2] . With fixed bond angle these become the microelements of the WLC, widely considered to be an appropriate model for DNA. To date, their simulation has yet to be attempted. Finally, we map the computed results, which are in DPD reduced units, into dimensional units. In our DPD simulations, a single WLC represents a -phage DNA molecule, with a static end-to-end distance of S 3:5 m. Denoting all scaling factors by , we find the average end-to-end distance (20 is taken to be 4 throughout, we compute the density scaling (for water solvents) to be [3] .
